A parametric model of the dynamic performance of an optical telescope due to wind-buffeting is presented. The model is being developed to support the design of next generation segmented-mirror optical telescopes through enabling rapid design iterations and allowing a more thorough exploration of the design space. A realistic performance assessment requires parametric descriptions of the wind, the structural dynamics, active control of the structure, and the optical response. The current model and its assumptions are presented, with the primary emphasis being on the parameterization of the wind forces. Understanding the temporal spectrum and spatial distribution of wind disturbances inside the telescope enclosure is one of the most challenging aspects in developing the overall parametric model. This involves integrating information from wind tunnel tests, computational fluid dynamics, and measurements at existing observatories. The potential and limitations of control to mitigate the response are also discussed, with realistic constraints on the control bandwidth obtained from the detailed structural model of a particular point design. Finally, initial results are presented on performance trends with a few key parameter variations.
INTRODUCTION
Various design studies are underway for the next generation of large (>20 m) ground-based optical telescopes.
1, 2
Several studies have analyzed the wind-induced buffeting of the telescope structure that results from turbulence inside the telescope enclosure [3] [4] [5] and concluded that this vibration must be taken into account in the design process, affecting the design of the telescope enclosure, the telescope structure and the active control system. Estimating the degradation in image quality that results from the wind-induced vibration requires understanding the wind inside the enclosure, coupling these forces to a structural model, estimating the achievable reduction in vibration using active control, and computing the optical consequences of the residual vibration. The key questions that must be answered by this modeling are the extent to which wind-buffeting of the structure is a sufficiently important problem to influence the choice of major telescope design decisions (e.g. focal ratio, elevation-axis location, etc.), and what design options exist to mitigate the problem (increased control bandwidth, larger enclosure, etc.).
Integrated models are being developed to predict the actively controlled structural response at a particular point in the overall design space.
6-8
Many of the design decisions required in the design of a new telescope must be informed by the predictions of dynamic performance, and thus in order to explore more of the design space, models are required that can rapidly predict performance trends as a function of design parameters. Such a parametric model inevitably requires assumptions, with fidelity sacrificed for the efficiency of exploring the design space. Thus the parametric model is complementary in function to higher fidelity detailed models, with the latter anchoring the predictions of the former at one or more points in the design space. An initial parametric model of wind-buffeting of a telescope was developed by Padin. 3 The model presented here builds on this earlier work by (i) updating the wind model based on new information, (ii) replacing the structural model by a more realistic (but not currently parameterized) particular point design, and (iii) using this point design to more realistically set achievable control bandwidths.
Wind loads are relevant both over the primary mirror (M1) and on the secondary mirror (M2) and nearby supporting structure. Although the cross-sectional area of the latter is small compared to that of M1, the structure around the mirror is exposed to much higher wind loads. Steady forces can be compensated by active control of the telescope structure. Estimates of the unsteady forces can be made from knowledge of the unsteady turbulent wind velocity. The wind parameterization herein reflects our best current understanding of the wind environment inside a telescope enclosure, informed by three separate sources of data. Some limited but valuable data is available from measurements taken at Gemini South observatory. 9, 10 More extensive data under more controlled conditions has been collected in scaled wind-tunnel experiments; while this approach has been used for many years, 11 modern experimental techniques allow significantly more data to be collected. 12, 13 Finally, computational fluid dynamics (CFD) [13] [14] [15] is an ideal design tool, and can take advantage of the experimental data for validation, so that CFD can be used with confidence in future design work. The parametric model of wind forces herein builds on earlier efforts 3, 4 by incorporating new information from recent computational and wind tunnel studies. The structural model is not yet parameterized; future efforts will include some parameterization of the structural finite element model (FEM) node geometry by using an input file as was done with VLOT.
16 Performance predictions presented herein use the GSMT 30 m telescope structural model, 17 shown in Fig. 1 .
Each segment of the primary mirror will have 3 actuators to control its piston, tip and tilt relative to the adjacent segments. For the 36-segment Keck telescopes, the bandwidth of the primary mirror control system is sufficient to compensate only for gravity and thermal disturbances. For future segmented-mirror telescopes, the control bandwidth can be increased so that some of the wind-induced buffeting is compensated.
5 This is limited by the interaction with lightly damped structural modes. These depend on telescope orientation and therefore it is unlikely that a control algorithm that depends on precise knowledge of them will be sufficiently robust. We use integral control, with the gains optimized as a function of the structural damping to achieve the maximum performance. The secondary mirror will also be actively controlled in 5 degrees of freedom, with higher bandwidth expected on the tip/tilt axes by using reaction mass compensation.
A linear optical model
18 is used to evaluate the performance. This predicts the optical path difference (OPD) using the first 9 terms in a Zernike basis.
The next section gives an overview of the design parameters included. Each of the elements of the model will be discussed in turn in the subsequent sections, followed by some initial predictions of performance trends with design parameters in Section 7
PARAMETERS
The design of a new observatory involves the selection of various design parameters. These can be loosely grouped into top level observatory decisions that influence many subsystems and must typically be chosen early in the design process, and subsystem decisions that while less critical to program schedule nonetheless are significant if they lead to economic solutions to what might otherwise present performance problems. Key design decisions for the observatory that are likely to significantly influence the response of the telescope to wind buffeting include:
1. Gregorian or Cassegrain optical configuration. 2. Primary mirror focal ratio 3. Elevation axis location; in front of or behind the primary mirror.
These parameters affect wind-buffeting both through their impact on the structural design, and through the implicit choice of a minimum size for the telescope enclosure. In terms of their impact on wind-buffeting response, the first two can be grouped into a single parameter specifying the distance between the primary and secondary mirrors.
Some prediction of wind is required early in the design process in order to help inform these decisions. However, to provide meaningful input, it is also essential that we understand the extent to which wind-buffeting can or cannot be mitigated by the choice of other variables; this is the initial focus of this work. The model should therefore be able to predict how the performance varies as a function of the following parameters, in addition to those listed earlier:
• The diameter of the dome (or equivalently, the distance between the secondary mirror and the dome), • The (passive or active) structural damping, • The bandwidth of the primary mirror figure control loop, and of secondary mirror position control, • The control bandwidth of tip/tilt motion, whether achieved through motion of M2 or elsewhere, • Whether the secondary mirror is adaptive and thus has sufficient figure control bandwidth to compensate for some of the wind-induced deformation of M1, • The minimum vent area required to obtain adequate dome seeing.
• Structural design variables (e.g. options for coupling the load path from the secondary supporting structure into the main structure), • External wind speed U ∞ , • Telescope azimuth and zenith angle with respect to the external wind direction.
Since the wind is stochastic, the model should ideally predict the fraction of time that the degradation in image quality exceeds some threshold; this therefore requires that the performance be predicted as a function of the external wind speed and viewing angle. Azimuth and zenith angle dependency are not yet included in the model.
The parameterization of venting merits more discussion. While air moving within the enclosure is bad for telescope vibration, some motion is necessary to flush the dome and ensure thermal equilibrium in order to avoid "dome seeing". The telescope enclosure is likely to have vents that can be opened to increase air flow across the primary mirror, particularly in low external wind conditions. How much flushing is required is not yet well understood, and it may be necessary to retain some venting even in high wind conditions when telescope vibration due to wind becomes a problem. Furthermore, for reasons discussed in the next section, some venting may be beneficial in reducing wind-buffeting due to shear layer modes.
WIND
Wind loads influence the telescope through the forces on the primary mirror, and the forces on the secondary mirror and supporting structure; the latter results in motion of M2 and also deformation of M1 through the structural coupling from the attachment of the supporting structure. In principle, wind loads on the dome could also be transmitted to the structure through the pier, although this effect is believed to be smaller and is currently neglected. The optical consequences of the wind result primarily from the motion and deformation of M1 and M2. The performance is less sensitive to the motions of M3 and the Nasymth platforms. We first discuss the different mechanisms for wind loads on the telescope, followed by the structure of the parameterization, and finally discuss detailed data used to support the selection of wind parameters.
Mechanisms
The structure of the wind flow inside the dome involves several mechanisms. In addition to the mean flow pattern inside the dome, there is broadband turbulence, generated by the flow passing over and through the dome opening, and also generated by the flow entering the dome through vents. Finally, if the dome opening is facing upwind, there may also be significant tones associated with "shear layer modes".
The pressure that results from broadband turbulence inside the telescope enclosure is assumed to have a von Karman temporal power spectrum, Φ(f ) ∝ (f 0 + f ) −7/6 . While the turbulence is clearly not isotropic, this assumption is consistent with observations at Gemini 5, 10 as well as measurements in wind tunnel testing (see Fig. 2 ) and computational results. The outer scale L s associated with the turbulence observed near the secondary mirror, and the turbulence near the primary mirror when the vents are closed is roughly equal to the diameter D s of the dome opening. 5, 10 The outer scale L v associated with the turbulence over M1 that is caused by flow through open vents is related to the height D v of the vent gates. 10 The spatial correlation length of pressure on a surface resulting from turbulence is related to the outer scale by = L/ √ 70.8. 19 The spatial correlation must be accounted for in computing forces to apply to the structure; an exponential correlation function R(r) = e −|r|/ is used herein as an approximation.
The shear layer modes result from flow passing over an open cavity. 20 The differential flow speed between the inside and outside flow in the shear layer generates vorticity, which rolls up into large vortices. As these encounter the end of the cavity opening, there is a reflection which propagates upstream to interact with the flow at the initial separation point. This feedback leads to an organization of the shear layer vorticity into modes, with n vortex structures across the length (in the flow direction) of the cavity opening. The oscillation frequency of these modes scales with nσU ∞ /D s , where 0.5 < σ < 1 depends on the geometry. These tones occur in wind-tunnel tests at Caltech 12 and NRC, 13 and in CFD analyses of these geometries, 13, 15 and for certain configurations are the dominant source of pressure variations within the telescope enclosure. The observed characteristics of these modes include a large oscillatory pressure throughout the entire telescope enclosure, and a large oscillatory vortex structure in the region of the enclosure near the secondary mirror and supporting structure. The scale factor σ is approximately 0.65 in all of these cases. However, since it is the local flow velocity across the opening that matters, and not the external wind speed, the factor will depend somewhat on the angle of the dome opening with respect to the wind.
While the frequency of oscillation is straightforward to predict, predicting the amplitude of the tones is further complicated by the potential interaction between these modes and the Helmholtz resonance of the cavity itself. At high external velocities, the n = 1 shear layer mode may be at a comparable frequency to the Helmholtz resonance and thus dominate the spectra, while at lower velocities, an n = 2 or n = 3 mode may become most significant. The strength of the shear layer is therefore influenced by how damped the Helmholtz resonance is, which in turn is influenced by how much vent area is open. We capture this effect by multiplying the predicted strength of the shear layer tones in our wind model by a scale factor α v < 1; the data used to identify this factor will be discussed later. The strength of the shear layer is also influenced by details of the dome near the opening; any external structure will create streamwise vorticity which helps break up the spanwise vorticity rollup responsible for the shear layer modes. This likely explains why the shear layer mode is relatively weak in data collected at Gemini, and only visible at all in the data collected with the vent gates closed. 10 To account for this effect in the model, we introduce a second scale factor α s < 1. An accurate assessment of this factor will require detailed modeling with particular dome and shutter designs; until this has been done we assume that α s = 0.25 will not be difficult to achieve. If realistic shutter configurations, rather than the clean dome geometries used in wind-tunnel and computational efforts, are insufficient alone to achieve this reduction, then it is likely that a relatively modest effort in building dedicated devices to interfere with the shear layer development would suffice.
With vents closed, then the flow observed in wind-tunnel and CFD results is dominated by the shear layer mode. With vents open, the shear layer mode is reduced, but there can be significant broadband turbulence across the primary mirror. In order to explore these effects in the model, this turbulence is scaled by a factor β < 1 that represents the fractional open area of the vents. If dome seeing is not taken into account, then the optimal venting for wind-buffeting effects will result from a trade-off between the reduction in shear layer tone amplitude and the increased broadband forcing across the primary mirror.
One final issue to consider is that it is the pressure difference between the front and back side of the primary mirror that influences the motion of the mirror. For the broadband turbulence, the correlation between pressure on the upper and lower surfaces of the primary mirror is not known. However, since the correlation lengths are short compared to the mirror diameter, it is unlikely that significant correlation exists. Structure behind the mirror is likely to reduce flow speeds and hence turbulent wind forces, hence it is reasonable to ignore the broadband forces on the back of the mirror. The shear mode, however, excites M1 through pressure waves propagating from the dome opening, with wavelength much longer than the size of the mirror. Thus the back of the mirror may see similar pressure to the front, significantly reducing the net effect on M1 of these forces. We currently do not have data or analysis to estimate the net reduction, so for the purposes of initial modeling, we conservatively assume that the back side of the mirror is not exposed to any wind loads.
Parameterization:
The wind on the primary mirror is broken down into the three components discussed above;
1. The shear layer mode, 2. Broadband turbulence generated by flow across the dome opening, 3. Broadband turbulence generated by flow passing through the vents.
The pressure forces for all of these components are assumed to scale with the external dynamic pressure (
The distributed wind pressure over a surface can be simulated with a finite number of forces represented by the vector f ∈ R N at N points x i driven by N independent noise sources w ∈ R N . The correct correlation R ij between pressures at locations x i and x j is obtained with f = Γw and ΓΓ T = R.
where
The wind force on the secondary mirror and supporting structure is broken down into two components, 1. The shear layer mode 2. Broadband turbulence generated by flow passing through the dome opening, with forces in both axial and transverse directions. The distributed forces across the support structure are lumped into an equivalent force on M2 itself.
The transverse force on the secondary mirror and supporting structure results both in deflection of M2 and deformation of M1 through the resulting torque. Assuming an exponential correlation function and roughly equal rms pressure acting across the structure that supports the secondary mirror (see Fig. 3 ), then the equivalent force on M2 that yields the same net torque on M1 can be derived from integration. For correlation length and distance between M1 and M2 of H, the result is to include an effective area based on the effective length d eff = 2 H/3 − 2 and the cross-sectional width h of the supporting structure.
where w 3 is the same shear layer disturbance that affects the primary mirror, and w 4 ∈ R 2 is uncorrelated with PSD Φ 44 = (f
Parameter estimates
Several of the parameters in the equations from the previous subsection have already been discussed, such as α s and β and the relationship between the outer scale and the source of turbulence.
Estimates of the pressure on the surface of the primary mirror are derived from measurements collected at Gemini observatory, with additional information available from wind-tunnel and computational models conducted by IAR at NRC for the VLOT telescope design. 13 Developing estimates of the forces acting on the secondary mirror and supporting structure is complicated by the desire to predict these forces as a function of the location of the mirror within the dome (i.e. to estimate the benefit from building a slightly larger dome with greater clearance between the secondary mirror and the shear layer). Thus it is insufficient to test a particular design with M2 at a particular location. Measurements of the mean and turbulent wind velocity inside an empty dome have been taken in a wind tunnel model at Caltech 12 and matching computations conducted at AURA. 15 The pressure force can be estimated from the velocity if one assumes that the structure would not have significantly altered the flow pattern. This would clearly be a poor assumption for computing the forces on the primary mirror, but the cross-sectional area of the secondary mirror is relatively small compared to the open area of the dome (roughly 1%). The velocity can be separated into mean and fluctuation components as u =ū + u . The pressure due to drag is
. The steady pressure from the first term is not of interest, since it can be compensated by the telescope active control system. Near M2, the mean velocity in the transverse direction is much larger than the fluctuation component, so that p C d 1 2 ρ2ūu . The mean velocity in the axial direction is much smaller than the fluctuation component, so that
For high Reynolds numbers, the drag coefficient for a flat plate is approximately one, while that for a cylinder in a cross-flow is closer to 1 / 2 . The secondary mirror structure is assumed to be cylindrical. The supporting legs for the structure are assumed to be rectangular, with negligible cross-sectional area in the axial direction in order to minimize light blockage of the primary mirror. Note that this computation ignores von Karman shedding from the structural elements, which may also be relevant.
The frequency of the shear layer mode is set to 0.65nU ∞ /D s . Based on wind-tunnel testing with even small amounts of venting to damp the effects of the Helmholtz mode, the n = 2 mode is typically dominant. For a 30 m dome opening in a 12 m/s external wind, this leads to a frequency of roughly 0.5 Hz; well below the first structural modes of the telescope, but at a high enough frequency where the active control is likely to achieve only modest reductions. The acoustic wavelength at this frequency is approximately 660 m, and thus it is reasonable to assume that the pressure field across the primary is uniform as indicated by Γ 3 in Section 3.2; this is consistent with observed data from the NRC wind-tunnel test. The forces on the secondary and supporting structure are nearly in phase with the forces on the primary, but much larger pressures are possible due to the drag forces that result from the large oscillatory velocities from the vortex structures of the shear layer modes.
The amplitudes a 1 through a 5 for an upwind telescope orientation are obtained as follows:
• a 1 (broadband on M1 due to dome opening): Measurements taken at Gemini observatory with the vents closed and the telescope facing upwind gave that on average the rms velocity at the primary mirror was 6% of the external wind speed, 5 and that this was a good predictor of both the rms pressure on the primary mirror and the outer scale frequency f 1 = D s /U 1s . The internal wind speeds are assumed to scale with the ratio of dome opening size to dome diameter,
. Data collected in the NRC wind tunnel test suggest that the rms pressures may be somewhat higher, but this data has not yet been fully post-processed to separate the effects of the broadband turbulence from the shear layer.
• a 2 (broadband on M1 due to vents): Measurements taken at Gemini observatory with the vents fully open gave that on average the rms velocity at the primary mirror was 30% of the external wind speed.
10
We assume that the average velocity scales with the fractional open area of the vents. This estimate will be updated with additional measurements from the NRC wind tunnel tests.
• a 3 (shear layer on M1): The peak-to-peak pressure amplitude for the shear layer mode on the primary can be estimated from theory 15 for deep cavities as no larger than p = (1/3)(
. This is consistent with the pressure levels observed in CFD for two different dome geometries without venting.
• a 4 (broadband on M2): The DPIV data collected in the Caltech wind tunnel test 12 in the region near the dome opening with vents open is dominated by the broadband turbulence, rather than the shear layer mode (see Fig. 3 ). The axial forces on M2 due to drag result from the turbulent velocity (v ) 2 while the transverse forces result from 2ūu as described earlier. A simple fit of the data along the telescope optical axis is compared with the DPIV data in Fig. 3(b) .
• a 5 (shear layer on M2): The DPIV data collected in the Caltech wind tunnel test in the region near the dome opening without vents contains significant energy associated with the shear layer mode, rather than solely broadband turbulence (see Fig. 3(a) ). The data along the telescope axis are fit as described above (Fig. 3(c) At present, we have not yet estimated the dependency of all of the amplitudes with azimuth angle and zenith angle. The shear layer modes are not present when facing downwind as the dome opening will be in a separated flow regime (for azimuth angles greater than about 100 degrees). However, the broadband turbulence near M2 may actually increase in downwind orientations. 
STRUCTURE
The structural model needs to be sufficiently detailed to predict the first few modes accurately, and predict higher frequency modes with sufficient accuracy to capture the resulting impact on achievable control bandwidth.
Finite element models being developed for possible structural designs of TMT will use a parameterized geometry file that can make predictions of structural dynamic changes due to design parameter variations relatively rapid. The FEM software can also re-optimize structural variables after changing parameters. Changes in elevation axis would require a significantly different structural design and cannot be easily parameterized. The model described herein does not yet include variation of structural design parameters other than the damping ratio, as we have chosen to focus our current efforts on the wind parameterization. Predictions shown in Section 7 use the GSMT structure.
17
The first 100 structural modes of the GSMT FEM have been retained for analysis, with the first flexible mode is at 2.2 Hz. Although the FEM does not have segment-level spatial resolution of the primary mirror, this is not a limitation for predictions of the seeing-limited consequences of wind-buffeting. Including the finite stiffness of individual actuators and whiffle trees on the back of each segment could be done, 6 however, the seeing-limited image degradation is dominated by global (low wave number) deformation of the primary mirror which is dominated by the compliance of the mirror cell, not the actuator and whiffle tree compliance. Currently only nine terms in the Zernike expansion of primary mirror deformation are retained in the predictions of optical consequences. The GSMT FEM includes nodes corresponding to 91 raft centers (a raft consists of 7 segments) which is sufficient to estimate these 9 terms.
CONTROL
Since both the primary and secondary mirror must have a control system to compensate for gravitational deflections, increasing the control bandwidth to the maximum achievable may be the most economical mitigation strategy if it is determined that wind-buffeting is a problem. For the secondary mirror, control of rigid body position is essential, but control of figure degrees of freedom at a sufficient bandwidth to mitigate wind-induced performance problems will not be feasible without an adaptive secondary mirror. Thus an additional option to consider in future analysis is the extent to which such a mirror could compensate for wind-induced primary mirror figure errors and improve performance.
The key parameters associated with the control are the bandwidths of the primary mirror figure correction, the secondary mirror position and tip/tilt control, and the bandwidth (high or low with respect to the wind) of the secondary mirror figure control. Initial parametric modeling included a simple high-pass filter for the effect of the control.
3 This can be improved by incorporating the dependency of achievable control bandwidth on the design parameters, and also by including a more realistic sensitivity function that correctly accounts for amplification above the control bandwidth. The bandwidth is limited by interaction with structural modes, and thus depends on both the frequency and the damping in the structure (which could be achieved passively or perhaps actively).
The structural modes vary with the telescope elevation angle, and are unlikely to be known with sufficient accuracy for detailed information about them to be reliable for control design. Therefore we assume a simple controller structure that does not depend on details of the structure, and which will therefore be robust with respect to variations and uncertainty. An integral controller is used, with an additional low pass filter above the bandwidth to gain-stabilize higher frequency modes. (While collocated transfer functions are strictly positive real, phase stabilization seems implausible without excessively high sample rates on the control to minimize the time delay.) Thus we assume control laws of the form
where G(0) is the static gain of the transfer function being controlled, and the parameters ω c and ω r are optimized for each relevant degree of freedom.
Segmented-mirror telescopes are presumed to have edge-sensors similar to Keck, which can sense all of the degrees of freedom of the primary mirror other than piston, tip and tilt. 21 The contribution to surface errors due to sensor noise is well understood 22 and can be separately added. Therefore for the purposes of this model, we can presume that the deflections other than global piston, tip and tilt are directly measured. Typical control development for segmented-mirror telescopes assumes that the control for each actuator is the same. However, the lowest frequency structural modes involve "global" deformation of the structure while higher frequency modes involve primarily higher wave number deformations. If the same bandwidth applies to all the degrees of freedom, then that bandwidth will be limited by interaction with the lowest structural modes. An alternative is to project the global motion out of the observed degrees of freedom, develop a separate controller for this motion, and add the result back into the individual actuator commands. Since the structural mode shapes are not likely to be sufficiently well known to be used as a basis set for describing global motion, we use a Zernike basis Φ G . Thus the final actuator command would be of the form
where K G is designed for the first few Zernike basis functions, and the "local" control K L compensates for the higher order deformations, at a higher control bandwidth than would otherwise be achievable.
The surface deflection of the primary mirror is therefore transformed into deflections of each Zernike basis function, the control for each of these assumed of the form of Eq. (3), and the parameters optimized to minimize performance for the assumed wind loads from Section 3. The optimal bandwidth as a function of mode number for two different values of the structural damping is shown in Fig. 4 . For this particular structure, the modes with odd radial degree couple strongly into the first few modes of the entire telescope structure and are therefore limited in bandwidth by these modes. The modes with even radial degree are limited in bandwidth only by higher frequency modes of the mirror cell, and can be controlled with much higher bandwidth.
The structural deflections obtained from applying the wind forces to the structure are filtered by the sensitivity function corresponding to the optimized controller. A typical sensitivity function (for one of the astigmatism degrees of freedom of the primary mirror) is shown in Fig. 4 The secondary mirror will be used for chopping, and to accomplish this, the actuation of the tip/tilt degrees of freedom must be compensated by a reaction mass that minimizes the excitation of the structural modes. An evaluation of the achievable bandwidth of such a system requires an assumption on the accuracy to which the reaction mass can be designed. For the purposes of the subsequent analysis, we assume a 10 Hz closed loop control bandwidth, and use a simplified high-pass filter for the corresponding sensitivity function for these degrees of freedom. Once the tip/tilt of the primary and secondary mirrors is compensated, the residual tip/tilt of the image is dominated by the residual decenter of M2 (above the achievable bandwidth for this degree of freedom). Compensating for this motion using the tip/tilt of the secondary introduces coma errors that can partially be corrected with a corresponding command to the primary mirror control system, albeit at a lower bandwidth. This additional coma error is not yet included in the simulation results presented in Section 7.
IMAGE QUALITY
The optical consequences can be reasonably approximated via a linear optical model, already available as noted earlier. 18 We currently include only the effect of 9 Zernike displacements of M1 and 5 degrees of freedom of M2 motion. Based on this, we compute two scalar metrics for seeing-limited observations; the rms image motion (tip/tilt) and the rms of the tip-tilt-removed OPD.
PREDICTIONS
The components of the model discussed in the previous 4 sections can be used to predict the OPD resulting from the controlled response of the structure due to the wind loads. This computation is done in the frequency domain. The nominal values for all parameters used are shown in Table 1 . The parameters correspond to the telescope facing upwind in a high wind case (85 th percentile on Mauna Kea) and thus represent close to a worstcase situation. Furthermore, since the structural design of GSMT was not optimized with respect to the wind disturbance, the absolute magnitude of these results should be interpreted cautiously.
For the parameters listed in Table 1 , the wind loads were applied to the GSMT structure, and the optical response computed with and without control. The OPD is separated into the tip/tilt and higher order components, and the rms value computed. The results are shown in Figure 5 as a function of frequency, and as a function of the source mechanism. The first peak in the spectrum is due to the shear layer mode, the second peak results from the response of the first structural mode. For the parameters chosen, the broadband turbulence acting on M2 is the dominant contribution to OPD, however, none of the components are negligible.
Proc. of SPIE Vol. 5497 275 With all the other parameters held constant, the variation in the same performance metric was determined as a function of the incoming velocity, the location of the secondary mirror system, and the structural damping. These plots are shown in Fig. 6 . The dependence on velocity is stronger than quadratic because both the frequency of the shear layer mode and the temporal corner frequency of the broadband turbulence components scale with the external velocity. The higher frequency content results in higher relative excitation of the structural modes, and less reduction due to control. The dependence on the location of M2 is negligible once the entire M2 structure is far enough inside the telescope enclosure to be below the shear layer; this result is consistent with the parameterization of wind forces near the secondary shown in Fig. 3 .
The dependence of performance on structural damping has been investigated in two ways. First, with fixed control bandwidth (optimized for Q = 50), doubling the damping (to Q = 25) results in an 18% reduction in rms OPD. Increased damping also permits increased control bandwidth; if the control bandwidth is re-optimized, then Q = 25 yields a 22% improvement in OPD.
